resolution to develop high-resolution regional climate change projections over the CORDEX East Asia domain.
Introduction
Asian monsoon influences countries with more than one third of the world's population. Thus, predictions of Asian monsoon at various timescales are of great interest to governmental decision-makers. Climate models have been widely used as a tool for understanding and forecasting the variation of Asian monsoon. In prescribed sea surface temperature experiments, Zhou et al. (2009a) analyzed the output of atmospheric general circulation models (AGCMs) that participated in the climate variability and predictability (CLIVAR) international climate of the twentieth century (C20C) project and found that among the Asian-Australian monsoon subsystems the East Asian summer monsoon has the lowest reproducibility and is poorly modeled during 1950 . Song and Zhou (2014a compared the climatology and interannual variability of East Asian summer monsoon simulated by CMIP3 (coupled model intercomparison project phase 3) and CMIP5 AGCMs. The results indicated that some improvements were seen from CMIP3 multi-model ensemble mean (MMEM) to CMIP5 MMEM, but the simulated biases remained, i.e., northward shift of the western North Pacific subtropical high. For the atmosphere-ocean-land coupled simulations, Sperber et al. (2013) compared the simulated Asian summer monsoon by the coupled models from CMIP3 and CMIP5, and found that the CMIP5 MMEM was more skillful than the CMIP3 MMEM in terms of pattern correlations. However, large Abstract In this study, a developed regional oceanatmosphere coupled model FROALS was applied to the CORDEX East Asia domain. The performance of FROALS in the simulation of Asian summer monsoon during 1989-2010 was assessed using the metrics developed by the CLIVAR Asian-Australian Monsoon Panel Diagnostics Task Team. The results indicated that FROALS exhibited good performance in simulating Asian summer monsoon climatology. The simulated JJA mean SST biases were weaker than those of the CMIP5 multi-model ensemble mean (MMEM). The skill of FROALS approached that of CMIP5 MMEM in terms of the annual cycle of Asian summer monsoon. The simulated monsoon duration matched the observed counterpart well (with a spatial pattern correlation coefficient of 0.59). Some biases of CMIP5 MMEM were also found in FROALS, highlighting the importance of local forcing and model physics within the Asian monsoon domain. Corresponding to a strong East Asian summer monsoon, an anomalous anticyclone was found over western North Pacific in both observation and simulation. However, the simulated strength was weaker than the observed due to the responses to incorrect sea surface anomalies over the key regions. The model also accurately captured the spatial pattern of the intraseasonal variability variance and the extreme climate indices of Asian summer monsoons, although with larger amplitude. The results suggest that FROALS could be used as a dynamical downscaling tool nested within the global climate model with coarse intermodel spread existed Chen and Bordoni 2014) .
The modeling of Asian summer monsoon remains a grand challenge for climate models due to its nature of variety and complexity (Turner et al. 2011) . The studies of the past 10 years suggested that one way to improve the simulation of the Asian summer monsoon is the development of a coupled ocean atmosphere model. In prescribed SST experiments, the simulated rainfall is positively correlated with local SST over Asian monsoon region instead of negative relationship in nature (Wang et al. 2004a . Therefore, the lack of air-sea interaction has been regarded as the major factor contributing to the poor simulated rainfall over the Asian summer monsoon region in SST forced simulations (Zhou et al. 2009a, b; . Another possible way to improve the simulation of the Asian summer monsoon is to develop high-resolution climate models. Higher resolution may better resolve many monsoon features including orographic forced rainfall, low-level jet orientation and variability, as well as the Meiyu onset and withdrawal (Kusunoki et al. 2006; Kitoh and Kusunoki 2008) .
High resolution globally is computationally expensive, however, over limited regions, it is computationally acceptable. Regional climate models (RCMs) have been widely used as a useful tool for regional climate studies (Giorgi and Mearns 1999; Leung et al. 2003; Wang et al. 2004b; Christensen et al. 2007 ). In the past 10 years, many regional ocean atmosphere coupled models have been developed with focus on the South China Sea monsoon (Lu et al. 2000) , the East Asian monsoon (Ren and Qian 2005; Yao and Zhang 2010; Fang et al. 2010; Cha et al. 2016) , the Indian monsoon (Ratnam et al. 2009) , and the western North Pacific monsoon (Zou and Zhou 2011 , 2013a . However, no model has focused on the entire Asian monsoon. The results indicated that the monsoon circulation and rainfall are better simulated in the regional climate models with inclusion of local air-sea coupling.
The ongoing coordinated regional downscaling experiment (CORDEX) Jones et al. 2011) , whose aim is to develop high-resolution regional climate change projections for all land-regions of the globe by using multi-regional climate downscaling (RCD) methods, has a common setting of a simulated domain for facilitating model inter-comparisons. The CORDEX East Asia domain covers a large portion of the eastern Indian Ocean and the western North Pacific (Fig. 1) . However, most of the RCMs that participated in CORDEX East Asia have not taken into account local air-sea interactions (https://cordex-ea.climate.go.kr/main/modelsPage.do).
In this study, the previously developed regional ocean atmosphere coupled model FROALS (Zou and Zhou 2013a ) is applied to the CORDEX East Asia domain. FROALS exhibited reasonable performance in the simulation of the western North Pacific summer monsoon in terms of climatology and interannual variability (Zou and Zhou 2013a) . However, the model performance over the CORDEX East Asia domain remains unknown. The objective of the study is to evaluate both the strengths and the weakness of the FROALS model in the simulation of the boreal summer Asian monsoon compared to observations. The metrics used to present quantitative assessments of the model's monsoon performance relative (Sperber et al. 2013) . The metrics cover multiscale characteristics of the Asian monsoon ranging from mean states and intraseasonal variation to interannual variability. We hope to provide a broad overview of the ability of the FROALS model to simulate the Asian summer monsoon based on these metrics. The employment of nearly identical metrics also facilitates our comparison of regional model performance to CMIP5 global models in our analysis.
The rest of the paper is organized as follows. Section 2 describes the model and the experimental design. Summer mean rainfall, sea surface temperature, and 850 hPa winds are evaluated in Sect. 3. Section 4 presents the results on the climatological annual cycle and the timing of monsoon onset, peak, withdrawal, and duration. The interannual variability of the Asian summer monsoon is assessed in Sect. 5. Section 6 discusses the simulated boreal summer intraseasonal variability, including an analysis of extreme climate indices. A final summary is given in Sect. 7.
Model description and experimental design

Model description
The flexible regional ocean atmosphere land system model (FROALS) (Zou and Zhou 2013a ) is employed in this study, which was developed at the State Key Laboratory of Numerical Modeling for Atmospheric Sciences and Geophysical Fluid Dynamics/Institute of Atmospheric Physics (LASG/IAP). FROALS is coupled through the Ocean Atmosphere Sea Ice Soil 3.0 (OASIS3.0) coupler (Valcke 2006) . The regional atmospheric model component of FROALS is the regional model regional climate model version 3 (RegCM3) that was developed at the Abdus Salam International Centre for Theoretical Physics (ICTP) (Pal et al. 2007) . It is a hydrostatic, compressible model with terrain following a sigma vertical coordinate system. The selected model physics are as follows: the MIT-Emanuel cumulus parameterization scheme (Emanuel 1991; Emanuel and Rothman 1999) , the Subgrid Explicit Moisture Scheme (Pal et al. 2000) , the radiation package of the NCAR community climate model version 3 (Kiehl et al. 1996) , the non-local vertical diffusion scheme of Holtslag et al. (1990) , the biosphere-atmosphere transfer scheme (BATS) of Dickinson et al. (1993) , and the ocean-atmosphere flux algorithm proposed by Zeng et al. (1998) . Customization of RegCM3 with the MIT-Emanuel cumulus scheme for the CORDEX East Asia domain was completed by Zou et al. (2014) by tuning the selected seven parameters based on the multiple very fast simulated annealing (MVFSA) approach. The identified optimal parameters are adopted in this study.
The oceanic component is the climate system ocean model LICOM2 developed by LASG/IAP (Liu et al. 2012) . LICOM2 has been employed as the oceanic component of the LASG/IAP global ocean-atmosphere coupled model FGOALS that participated in CMIP5 . It adopts the geographic longitude-latitude grid and coordinates in the vertical. A second order closure turbulence model (Canuto et al. 2001 (Canuto et al. , 2002 ) is used to parameterize the vertical mixing process due to the velocity shear and the internal-wave break. The GM90 scheme (Gent and McWilliams 1990 ) is used to parameterize the mesoscale eddy.
Experimental design
The model domain of RegCM3 is set to the CORDEX East Asia domain Jones et al. 2011 ) with a uniform horizontal resolution of 50 km. The model has 18 sigma layers in the vertical direction, with the model top at 10 hPa. The buffer zone of RegCM3 is 15 grid layers. The initial and lateral boundary conditions are derived from the National Center for Environmental Prediction/Department of Energy (NCEP/DOE) reanalysis 2 (R2) (NCEP2 hereafter) (Kanamitsu et al. 2002) , which is updated every 6 h.
LICOM2 is a global climate ocean model that covers 75°S-90°N. There are 30 vertical levels with 15 equally spaced levels in the upper 150 m. The meridional grid spacing is 0.5° between 10°S and 10°N and is then gradually increased to 1° between 20°S and 20°N, whereas the latitudinal grid spacing is uniformly 1°. Over the oceanic region of the CORDEX East Asia domain (dashed area of Fig. 1 ), RegCM3 and LICOM2 are fully interactive. RegCM3 provides the sea surface heat flux and wind stress to LICOM, while LICOM supplies the SST field to RegCM3. The coupling of daily mean variables is performed once per day. Outside of the CORDEX East Asia domain, however, the ocean is forced by the NCEP2 daily mean surface variables. This regionally coupled configuration has also been employed in Aldrian et al. (2005) for the Maritime continent and in Xie et al. (2007) for the eastern Pacific region. In our case, there are some discontinuities of the sea surface temperatures along the boundaries of the regional model. The discontinuities are found inside the buffer zone, which are excluded in the analysis.
The regionally coupled simulation begins from 1 January 1988. Prior to this, LICOM2.0 was forced by the NCEP2 daily surface variables for 9 years, from 1979 through 1987, with an initial condition derived from the World Ocean Atlas 2005 (WOA05) Antonov et al. 2006) temperature and salinity. The regionally coupled model is integrated 23 years from 1988 through 2010. The first year, 1988, is regarded as the "spin-up" time of the regionally coupled simulations, and the results are excluded in the following analysis. We have checked the evolution of monthly mean SST averaged over the regionally coupled region during 1988-2010 from the FROALS simulations (figure not shown here). The result indicates that the first model year is a reasonable spin-up time for the regional coupled simulation, since the simulated regional-averaged SST does not show evident drift because of the NCEP2-forcing outside of the regionally coupled domain.
Observational datasets
The following datasets are used to assess the model performance: (1) pentad precipitation data (from 1989 to (2) observational SST derived from the OISST2 dataset (Reynolds et al. 2002) ; (3) monthly mean circulation field (e.g., u, v, q) derived from NCEP2. For simplicity, the rainfall dataset and the reanalysis-derived circulation dataset are referred to as ''observation'' in the following discussion.
Time-mean state
SST is the direct product of air-sea coupling. Figure 2 shows the observed and simulated spatial distribution of June-July-August (JJA) mean SST averaged during 1989-2010. The observed warm pool, where SST exceeds 28 °C, extends to north of 20°N (Fig. 2a) . The broad observed features of SST are well captured in FROALS, with a spatial pattern correlation coefficient (PCC) of 0.98. The major deficiency is that FROALS tends to underestimate the SST over the western North Pacific (WNP) north of 10°N, with the largest bias of approximately 2 °C. The cold biases of the simulated SST over WNP are the common biases in regional ocean-atmosphere coupled models (Ren and Qian 2005; Fang et al. 2010; Zou and Zhou 2013a) and in many CMIP5 models (Fig. 3 in Song and Zhou 2014b) . The biases of simulated SST are comparable or slightly larger than those in other regional air-sea coupled models with focus on East Asian monsoon domain (i.e., Cha et al. 2016 ), although our model domain is larger than theirs. It is worth to noting that the biases of simulated SST over the Asian monsoon region in FROALS are much weaker than those in the CMIP5 multi-model ensemble mean (MMEM), implying the usefulness of the regional coupling.
Rainfall is a rigorous test of climate model performance. Figure 3 shows the spatial distribution of the JJA mean rainfall averaged from 1989 to 2010. In observation, the monsoon rainfall affected by the orography is firstly concentrated over the Western Ghats, the foothills of the Himalayas, the Burmese coast, and the Philippines. The other three major rainbands are located over the eastern tropical Indian Ocean, east of the Philippines, and the Meiyu front region. The orography-induced rainfall is well reproduced in FROALS but with larger magnitude. The PCC is 0.66 between the observation and FROALS simulation. The simulated rainfall is underestimated east of the Philippines, and over the Indian sub-continent and the Meiyu front region (Fig. 3c) . The magnitudes of the biases of simulated summer rainfall by FROALS are smaller than some regional atmospheric models that were applied to CORDEX East Asia domain , especially over East China and western North Pacific. Dry biases over the Indian subcontinent and the Meiyu front region are also found in CMIP5 MMEM (Sperber et al. 2013; Song and Zhou 2014b) .
The observed and simulated JJA mean winds at 850 hPa and the associated wind speeds are shown in Fig. 4 . The observed low-level monsoon flow is well captured by FROALS, including the low level westerly associated with the Indian summer monsoon and the anticyclonic circulation over the WNP. The PCC of wind speed is 0.81 between the observation and FROALS simulation. The simulated low-level anticyclone over the WNP is stronger and shifted slightly westward compared to observations (Fig. 4c) , which contribute to the dry biases east of the Philippines and over the Meiyu front region.
4 Annual cycle 4.1 Latitude-time evolution of the Indian monsoon and East Asian monsoon Figure 5 shows the latitude-time diagram of monthly rainfall averaged between 70°E and 90°E from the observation and FROALS simulation. The observation is characterized by the seasonal evolution of Indian monsoon rainfall and the oceanic rainfall band located near 5°S (Fig. 5a ). The development of the observed Indian summer monsoon is well reproduced in the FROALS simulation, but the simulated rainband with a larger magnitude does not propagate as far north as observation, contributing to the dry biases over the northern Indian subcontinent (Fig. 3b) . Another deficiency is that FROALS fails to capture the northward propagation of the rainfall minimum south of 10°N during the boreal summer, which is also found in CMIP5 MMEM (Sperber et al. 2013 ). The PCC of rainfall over the region 10°S-30°N for May-October is 0.43 between the observation and FROALS simulation. For the East Asian monsoon, the latitude-time diagrams of monthly observed and simulated rainfall averaged between 105°E and 140°E are shown in Fig. 6 . The observation is featured with a northern rainband and a southern rainband. The northern rainband begins in May, and exhibits northward propagation reaching 40°N in July. The southern branch begins in June with a peak in August, and is located near 15°N. These two rainbands are well reproduced in the FROALS simulation, but with weaker magnitude of the northern branch and a 1-month delayed peak of the southern branch. The PCC of rainfall over 10°N-40°N for May-October is 0.77 between the observation and FROALS simulation.
Monsoon onset, peak, withdrawal and duration
Detailed evaluation of the annual cycle of the Asian monsoon in FROALS simulation is analyzed in this subsection by using pentad rainfall data in terms of four metrics, i.e., monsoon onset, peak, withdrawal and duration. The definitions of the four metrics follow the methodology of Wang and Lin (2002) . First, the pentad time series of precipitation are smoothed with a five pentad running mean, and then the January mean rainfall is subtracted from each pentad to obtain a relative rainfall rate series. Monsoon onset is defined as the first pentad at which the relative rainfall rate exceeds 5 mm per day during May-September. The time of the monsoon peak is defined as the pentad when the maximum relative rainfall rate occurs. The withdrawal of monsoon is defined as the first pentad at which the relative rainfall rate is again <5 mm per day. The monsoon duration is defined as the difference between the pentads of the monsoon withdrawal and monsoon onset. Wang and Lin (2002) discussed the cases of the regions with double rainy seasons. This method captures the major rainy season. For southern China, the spring rain represents the major rainy season during the course of the year (Wang and Lin 2002) . These metrics are a stringent test for climate models (Sperber et al. 2013; Zou and Zhou 2015) . Figure 7 shows the pentads of the onset and peak of the Asian monsoon derived from the observation and FROALS simulation. The observed monsoon onset firstly occurs over Southeast Asia, and then over the South China Sea and to the southwest of India. Later, the monsoon is established over the Indian subcontinent and Meiyu front region. The final established monsoon is the western North Pacific summer monsoon. The observed progression of monsoon onset is captured in the FROALS simulation, with a PCC of 0.55, but the simulated onset tends to occur later than observed over regions extending eastward from the Bay of Bengal to the western North Pacific. The model fails to define the monsoon over northern India and east of mainland China due to the dry biases over these two regions (Fig. 3a) . These biases are also found in CMIP5 MMEM (Sperber et al. 2013 ). In addition, the monsoon over the South China Sea and Bay of Bengal extends too far southward in FROALS, which is not found in CMIP5 MMEM, but exists in some global climate system models (Sperber et al. 2013; Zou and Zhou 2015) . However, the too far eastward extension of the western North Pacific monsoon and the delayed monsoon onset over the Arabian Sea and India, which are common biases in CMIP5 models (Sperber et al. 2013) , are not evident in the FROALS simulation primarily due to the prescribed observed lateral boundary.
For the timing of the monsoon peak, the observed monsoon first reaches its peak over the southwest of India, and then over the region extending eastward from South China to south of Japan. Later, the peak of the monsoon occurs over the Indian subcontinent and North China. The peak is finally established over the western North Pacific and Southeast Asia. This progression is well reproduced in FROALS, with a PCC of 0.57. However, the simulated monsoon peak over the Bay of Bengal occurs earlier than the observed, whereas the timing of the monsoon peak is too late over the northern South China Sea and western North Pacific, which also occurs in CMIP5 MMEM (Sperber et al. 2013) .
The withdrawal of the monsoon first occurs over the West Pacific to the southeast of Japan, and then over the East China and Arabian Sea (Fig. 8) . The following monsoon withdrawal is found over India and the western North Pacific, with the latest withdrawal occurring over the region extending eastward from the Bay of Bengal to the northern South China Sea. These gross features are well captured by FROALS (Fig. 8) , with a PCC of 0.42. However, the withdrawal of the simulated monsoon occurs later than observed over the Arabian Sea, the northern South China Sea, and the western North Pacific, which is also evident in CMIP5 MMEM (Sperber et al. 2013) .
The simulated and observed duration of the Asian monsoon are presented in Fig. 8 . The monsoon duration is longest over the Bay of Bengal, Southeast Asia and west of the Philippines, with the second longest over India, whereas the monsoon season is relatively short over East Asia and the western North Pacific. The simulated monsoon duration matches the observed well, with a PCC of 0.59, though the simulated duration is slightly longer than the observed counterpart over the Arabian Sea. Note that the too long monsoon duration over India and western North Pacific in CMIP5 MMEM is not seen in FROALS. 
Interannual variability
The SST-rainfall relationship at an interannual timescale is a good metric to assess the performance of climate models (Trenberth and Shea 2005; Wu and Kirtman 2007) . Figure 9 shows the observed and simulated anomalous rainfall-SST relationship over the Asian monsoon region for JJA of 1989-2010. The local SST and rainfall anomalies are positively correlated over the Maritime continent, indicating that the atmosphere is partly forced by the underlying SST anomalies. However, the correlations are negative over the eastern Bay of Bengal, the northern South China Sea, the WNP and the Meiyu front region. These negative correlations imply that the SST anomalies are primarily affected by the overlying atmosphere Wu and Kirtman 2007) .
Previous studies found that the negative SST-rainfall relationship over the Asian monsoon in boreal summer is not well captured by the SST-forced AGCM experiments, which is the main factor leading to the low skill of the simulated rainfall (Wang et al. 2004a; Wang et al. 2005; Kumar et al. 2005; Zhou et al. 2009b ). The positive SST-rainfall relationship over the Maritime continent is well captured by FROALS, along with the negative correlations extending northwesterly from the eastern Bay of Bengal to the south of Japan. The PCC of the correlations is 0.53 between the simulation and observation. However, the deficiency is the model fails to reproduce the negative SST-rainfall relationship to the east of the Philippines.
The East Asian summer monsoon (EASM) is an important component of the Asian summer monsoon, and is composed of both tropical and subtropical systems (Zhou et al. 2009c) . A simple EASM index (Wang et al. 2008) , which is defined as the difference between the 850 hPa JJA mean zonal wind averaged over (22.5°-32.5°N, 110°-140°E) and (5°-15°N, 90°-130°E ), has been widely used to validate the CMIP5 and CMIP3 models (Sperber et al. 2013; Song and Zhou 2014a, b) . We calculate the temporal correlation coefficient between the FROALS-simulated and observed EASM index, but the skill is very low (0.05). Although the skill is also low in some CMIP5 AMIP simulations (Song and Zhou 2014a) , it should be acknowledged that our model skill is lower than that of CMIP5 AMIP MMEM in this regard.
To explore the underlying mechanisms, the JJA mean rainfall and 850 hPa wind anomalies are regressed upon the standardized EASM index derived from the simulation and the observation (Fig. 10) , respectively. In observations, followed by a strong EASM with positive rainfall anomalies over the Meiyu front region, an anomalous anticyclone is pronounced over the WNP. The anomalous anticyclone is the Rossby wave response to the reduced rainfall over the WNP. The reduction of rainfall over WNP could be ascribed to at least three factors (Xie et al. 2009; Wu et al. 2009 Wu et al. , 2010 Song and Zhou 2014a, b) . The first is the cold SSTA over the West Pacific east of 150°E, which leads to local negative rainfall anomalies. The second is the warm SSTA over the Maritime continent, which reduces the rainfall over the WNP through anomalous local Hadley circulation. The third is the warm SSTA over the eastern Tropical Indian Ocean, which induces Ekman divergence over the WNP through the low-level Kelvin wave response (Xie et al. 2009; Wu et al. 2009 ). Note that the anomalous anticyclone over WNP favors local warm SSTAs (Fig. 10c) through the enhancement of downward shortwave radiative fluxes. Thus, the negative rainfall anomalies and the warm SSTAs together result in the negative SST-rainfall relationship over the WNP shown in Fig. 9 .
The corresponding anomalous anticyclone is, to some extent, captured by FROALS, along with the positive rainfall anomalies over the Meiyu front region, in particular over southern Japan and to its east. However, the strength of the simulated anomalous anticyclone is much weaker than the observed counterpart. This may be due to the incorrect simulated SSTA, i.e., warm SSTA over the West Pacific east of 150°E, cold SSTA over the Maritime continent and the tropical eastern Indian Ocean. This explains the poorly simulated interannual variability of the EASM and the incorrect SST-rainfall relationship over the WNP. We will attempt to further improve the model's performance in simulating the inter-annual variability of East Asian monsoon by calibrating the key physical parameters, as that did in Yang et al. (2015) .
Boreal summer intraseasonal variability and extreme climate indices
In this section, boreal summer intraseasonal variability of the Asian monsoon and extreme climate indices are evaluated in comparison to the results derived from GPCP daily rainfall during 1998-2010. The 20-100 day bandpass filtered variances of rainfall from the observation and FROALS are shown in Fig. 11 . In observation, the regions with high climatological rainfall are generally accompanied with strong intraseasonal variability, i.e., the Western Ghats, Bay of Bengal, tropical eastern Indian Ocean, and northern South China Sea. The exception is found over the WNP, where the variance maxima of intraseasonal variability shift northward approximately 5 degrees in comparison with the corresponding climatological rainfall maxima. These characteristics are well reproduced in FROALS, although with larger amplitude. The PCC is 0.60 between the simulation and observation. This spatial pattern derived from FROALS is, to some extent, better than that derived from CMIP5 MMEM, especially in terms of the strong intraseasonal variability over the Western Ghats. Extreme climate indices are usually used to evaluate the performance of high resolution regional climate models (Bell et al. 2004; Gao et al. 2002; Zou and Zhou 2013b) , because the physical processes and the atmospheric dynamics responsible for extreme climate events are better resolved in climate models with higher resolution (Bell et al. 2004; Kitoh et al. 2009 ). Figure 12 shows the probability density function (PDF) distribution of daily rainfall rates derived from the observation and FROALS over eight selected regions during JJA from 1998 to 2010. The shapes of PDF distributions of observed daily rain rate are well captured in FROALS. However, the model tends to underestimate the frequencies of rain rates between 9 and 30 mm/day and overestimate the frequencies of rain rates >42 mm/day.
Two extreme climate indices are employed in this study. One is R5d, which is defined as the maximum consecutive 5-day total precipitation. The other is consecutive dry days (CDD), which is an index defined as the greatest number of consecutive days with daily precipitation below 1 mm. The spatial distributions of JJA R5d and CDD averaged from 1998 to 2010 derived from observation and FROALS Fig. 13 . R5d has a similar spatial pattern as JJA mean rainfall (Fig. 3) in both observation and simulation. FROALS tends to overestimate R5D over most of the simulated domain due to the overestimated frequencies of rain rates higher than 42 mm/day, as shown in Fig. 12 . The PCC of R5d is 0.63 between observations and simulation. The maxima of the observed CDD are found over central Asia and northwestern China, whereas lower CDD are observed in regions where the major rainbands are observed. These features are well captured in FROALS, though a larger magnitude of CDD is found over the northwestern simulated domain. The PCC is 0.70 between observations and simulation.
Summary
In this study, a previously developed regional oceanatmosphere coupled model FROALS was applied to the CORDEX East Asia domain in replacement of the customized regional atmospheric model. The performance of FROALS in the simulation of the Asian summer monsoon was assessed by using the metrics developed by the CLI-VAR Asian-Australian Monsoon Panel (AAMP) Diagnostics Task Team. The strengths and weaknesses of FROALS were documented along with a comparison to the skill of the CMIP5 global models.
FROALS exhibits reasonable performance in simulating the climatology of the Asian summer monsoon during 1989-2010, including the low-level monsoon flow and the orography-induced rainfall. The simulated JJA mean SST biases are weaker than those in the CMIP5 multi-model ensemble mean (MMEM). The simulated western North Pacific subtropical high is slightly stronger and shifted westward compared to observations, which contributes to the dry biases east of the Philippines and over the Meiyu front region.
The seasonal evolution of monsoon rainfall over India and East Asia are well captured in FROALS, along with the four metrics related to the annual monsoon cycle. In particular, for monsoon duration, the simulated features match the observed counterpart well (with a PCC of 0. 59). Overall, the skill of FROALS approaches that of CMIP5 MMEM in simulating the annual cycle of the Asian summer monsoon, although some biases in CMIP5 MMEM are also found in FROALS, i.e., lack of the extension of the monsoon over east of the China mainland, earlier (later) monsoon peak over the Bay of Bengal (northern South China Sea and western North Pacific). The similar biases between FROALS and CMIP5 MMEM highlight the importance of improved representation of local forcing and model physics inside the Asian monsoon domain.
Corresponding to a strong East Asian summer monsoon, an anomalous anticyclone is evident over the WNP in both observations and simulation. However, the simulated strength is weaker than the observed, probably due to the incorrect simulated SSTA over key regions, i.e., the West Pacific east of 150°E, the Maritime continent and the tropical eastern Indian Ocean.
The spatial pattern of the intraseasonal variability variance of the Asian summer monsoon is well reproduced in FROALS with larger amplitude. Two indices are selected, including the maximum consecutive 5-day total precipitation (R5d) and consecutive dry days (CDD), to validate the model performance in simulating extreme climate conditions. The results indicate that the observed spatial pattern is well captured in FROALS, especially for CDD. However, the model tends to overestimate the maximum consecutive 5-day total precipitation due to the higher frequencies of rainfall rates >42 mm/day.
Finally, the overall reasonable performance of FROALS in simulating the Asian summer monsoon at various timescales suggests that this model could be used as a dynamical downscaling tool nested within the global climate model with coarse resolution to develop high-resolution regional climate change projections over the CORDEX East Asia domain. These results will be presented in a separate paper.
